ABSTRACT Planned crosses were designed to produce an F 2 and 2 backcross populations from 2 lines of White Leghorn chickens previously selected over 10 generations for 2 different in vivo immune responses. The selection criteria applied on the 2 grandparental lines were as follows: high antibody response to Newcastle disease virus vaccine 3 wk after vaccination (ND3) and high cell-mediated immune response [response to phytohemagglutinin]. Furthermore a control line was kept by random breeding. The objective of the study was to estimate if the 2 selection criteria applied on the pure lines had changed the level of and type of immune (humoral) response to a new antigen, keyhole limpet hemocyanin (KLH), in the various second-generation progeny groups. In addition, correlations between parameters of acquired and innate immunity were tested. Primary total (IgT) and isotype-specific (IgG and IgM) antibody response to KLH 1 wk after immunization and levels of natural antibodies (NAB) binding to Salmonella enteriditis-derived lipopoly-
INTRODUCTION
In recent years, genetic selection of farm animals has led to impressive improvements in animal production and especially in traits of economic importance in poultry (Flock and Heil, 2002) . The selection objectives now tend toward a better sustainability of livestock production, and selection for disease resistance is a major challenge for animal geneticists studying microsatellite markers (McEl-©2007 Poultry Science Association Inc. Received January 17, 2007 . Accepted March 17, 2007 Corresponding author: Giulietta.Minozzi@jouy.inra.fr 1316 saccharide (LPS) were measured. Although no differences were present between IgM and IgG antibodies to KLH and the phytohemagglutinin skin-swelling response, significant differences were present between all the progeny groups for IgT to KLH and ND3 and NAB binding to LPS. The mean values for IgT to ND3 and KLH were significantly different between the crosses using the selected lines compared with the control line, indicating a contribution of the previous selection. In addition, a sex effect was found for IgM to KLH and NAB to LPS, for which females had a higher response than males in both cases. No interaction between progeny type and sex was found. Furthermore, significant positive correlations were found between NAB to LPS and specific antibody titers to KLH. Finally, the results of the present study demonstrated an interaction between innate and acquired immunity under this strategy of selection and crossbreeding and confirmed the effect of selection on general immune response to a new antigen in second-generation crosses. roy et al., 2005) and candidate genes associated with resistance to diseases (Kramer et al., 2003) .
There are several possible strategies for developing chicken lines selected for disease resistance in poultry . Direct strategies range from divergent selection for a single immune response trait to selection based on an index of various different immune responses. These approaches can also be combined by crossing lines, each developed by selection on a different set of traits or on a different, single immune trait, as it was done in the present work after a number of within-line generations of selection.
The hemocyanin of the marine gastropod Megathura crenulata, keyhole limpet hemocyanin (KLH), is a Cucontaining respiratory protein that has been used in vari- Table 1 . Means ± SD and overall ANOVA of total (IgT) and isotype-specific (IgM and IgG) plasma antibody titers 1 to keyhole limpet hemocyanin (KLH), levels of natural antibodies (NAB) binding Salmonella enteriditis-derived lipopolysaccharide (LPS) 1 wk after immunization with KLH, total antibody titers against Newcastle disease virus vaccine (ND3), wing web response to phytohemagglutinin (PHA) at 9 wk of age, and 8-wk BW 
11.34 ± 6.92 ± 7.21 ± 6.14 ± 1.59 ± 6.32 ± 944. Antibody titers in plasma measured by hemagglutination inhibition test; the titer is expressed as the highest dilution giving total inhibition of hemagglutination.
3 ND3-L = line selected for high antibody response to ND3 three weeks after vaccination; PHA-L = line selected for high cell-mediated immune response to PHA at 9 wk of age; control-L = line selected at random. **P ≤ 0.01; ***P ≤ 0.001.
ous scientific and biomedical studies (Harris and Markl, 1999) , including a study aimed at identifying QTL for both natural as well as specific immune responses in chicken (Siwek et al., 2003) . The KLH is a T-cell-dependent antigen that neither mammals nor birds usually have ever been exposed to. It is a potent immunostimulator used as a hapten carrier to assess the magnitude of immune responses (Macia et al., 2006) and to study cancer (Ragupathi et al., 2006) . Recently, higher levels of natural antibodies (NAB) and specific antibodies to KLH were found in chickens selected for high antibody responses to SRBC than in the corresponding low-antibody-producing and control chickens (Parmentier et al., 2004a; Siwek et al., 2006) , suggesting that NAB might be a useful tool to estimate (humoral) immune competence. Lipopolysaccharide (LPS) is a homotope or similarly called pathogen-associated molecular pattern. It is a component of the cell wall shared by all gram-negative bacteria and a stimulator of the innate immune system (Tang et al., 2006) . Lipopolysaccharide is commonly present in the chicken intestinal microflora as well as in the normal husbandry environment . Lipopolysaccharide acts by binding to Toll-like receptor 4 on antigen, presenting cells that may induce release of Th-1-like cytokines facilitating cell-mediated immune responses. Lipopolysaccharide negatively affects antibody production in poultry to KLH (Parmentier et al., 2004b) .
A selection experiment based on 3 different immune response traits was conducted for 12 discrete generations of selection at the Institut National de la Recherche Agronomique in Jouy en Josas. Two of the selection criteria were as follows: high antibody response to Newcastle disease virus (HB1 vaccine; ND3) and high cell-mediated immune response [skin-swelling response to phytohe-magglutinin (PHA)]. In addition, since the beginning of the selection experiment, a control line was kept by random breeding. Each line was selected on 1 immune trait, but all traits were measured in all lines. Heritabilities estimated for the selection criteria ND3 and PHA were 0.35 and 0.13, respectively, and correlation between the traits was not significant (Pinard-van der Laan, 2002) .
In the present work, reciprocal crosses with birds from the high antibody response and the high cell-mediated response lines were made to produce an F 2 and 2 backcrosses. In addition, a contemporary replicate of the control line was produced. The objectives of the present study were to estimate the effect of selection for general immune response on the specific antibody production to a new antigen in second-generation crosses between the 2 selected lines and to gain insight on the correlated effects of selection on the immune system, using total and isotypespecific primary antibodies to KLH. Also, a humoral component of innate immunity was assessed measuring levels of Salmonella enteriditis-derived LPS-binding NAB. The interaction between innate and acquired immune responses was evaluated through the correlation between the level of LPS-binding NAB and the specific antibody titers to KLH and ND3.
MATERIALS AND METHODS

Lines
The F 2 and backcross populations used in the current study were produced from 2 selected lines of White Leghorn chickens derived from the same base population and measured for 3 different immune response criteria for 12 discrete generations of selection. The immune response traits selected in the 2 purebred lines were as follows: 1) High antibody response to ND3 (HB1 vaccine) 3 wk after vaccination in line 1 (ND3-L), measured at 6 wk of age by hemagglutination inhibition test, in which the plasma antibody titer was the highest dilution giving total inhibition of hemagglutination.
2) High cell-mediated immune response, measured using the wing web 24-h delayed-type hypersensitivity response to the mitogen PHA in line 2 (PHA-L). The difference in the thickness of the wing webs was measured at 9 wk of age by a micrometer at 0 and 24 h after injection of 1 mg of PHA (Sigma-Aldrich GmbH, Schnelldorf, Germany) in 0.1 mL of PBS in 1 wing and 0.1 mL of PBS in the other wing, which was used as a control. The PHA skin-swelling response was calculated as the difference between the PHA-injected and PBS-injected responses.
In addition, a control line was kept by random selection. The selection procedure was described by Pinard-van der Laan (2002) . Briefly, each year, 200 chicks per line were hatched in a single batch, and chicks from all lines were assigned to every group cage. Selection for each trait was done by within-family mass selection based on individual phenotype, and mating was performed at random, but half-sib and full-sib matings were avoided to limit inbreeding.
In 2005, animals selected from generation 9 (15 males and 30 females from each line) were chosen to produce the purebreds of the following generation (generation 10) and the F 1 crossbreds. All possible reciprocal crosses among the 3 pure lines were made to generate the F 1 generation, and a contemporary replicate of the control line was produced. The F 1 population was composed of 800 animals: 200 per cross, with 100 for each reciprocal cross and 200 birds from the control line. Each sire was mated to 2 dams, and matings between half-sibs or fullsibs were avoided.
For the present study, the F 1 progeny from the crosses of lines 1 (ND3-L) and 2 (PHA-L) and the purebred breeders of lines 1 and 2 at generation 10 were crossed to produce 200 reciprocal F 2 and 400 backcrosses. In addition, a control line composed of 200 contemporary unselected birds was produced. To obtain the F 2 , 15 males of the F 1 between lines 1 and 2 were mated to 2 F 1 females each. Breeders were chosen randomly, but mating of individuals with a common grandparent was avoided, and the breeding plan was designed to generate all 4 different possible groups (Table 1) . The backcross to line 1 (BC1; ND3-L) was produced by mating 8 males (4 per reciprocal cross) of the F 1 group and 7 pure line males to 2 females each of the opposite population to obtain 4 progeny groups (Table 1) . The backcross to line 2 (BC2; PHA-L) was obtained in a similar way. A contemporary replicate of the control line, composed of 200 animals, was produced. The experiment was conducted on 350 fourteenweek-old animals, 175 females, and 175 males. Both sexes and as many families as possible were included in the experimental population tested for antibody response to KLH and for level of NAB binding to LPS.
Husbandry
After hatching, chicks were housed and genetic groups intermingled in a 3-tier battery of group cages, in which they remained until the end of the experiment. Each cage housed about 13 animals randomly selected from each progeny group. Both sexes were kept in separate cages but housed in the same room. Artificial light was 16 h/ d. The birds were fed a layer diet (2,685 kcal of ME/kg and 175 g/kg of CP) ad libitum with free access to water. Birds were vaccinated against Marek's disease at hatch by i.m. injection; spray-vaccinated for infectious bronchitis at d 1 and 63; vaccinated against Gumboro disease via drinking water at d 19, 37, and 84; vaccinated against Newcastle disease by intraocular method (eye drop) at d 26 and in drinking water at d 62; vaccinated against avian encephalomyelitis via drinking water at d 98; and sprayvaccinated for avian infectious rhinotracheitis or swollen head syndrome at d 77. All birds were weighed at 8 wk of age. ND3-L = line selected for high antibody response to Newcastle disease virus (HB1 vaccine) 3 wk after vaccination; PHA-L = line selected for high cell-mediated immune response, using the wing web response to PHA at 9 wk of age; control-L = line selected at random. *P ≤ 0.05; **P ≤ 0.01; *** P ≤ 0.001.
Humoral Immune Response to KLH and LPS
Total IgG and IgM antibody titers to KLH (Sigma-Aldrich GmbH) and levels of NAB binding to LPS (Sigma Chemical Co., St Louis, MO) in plasma of 350 birds previously immunized at 14 wk of age with 1 mg/mL of KLH were measured by an indirect 2-step ELISA procedure at d 7 postimmunization. Briefly, 96-well plates were coated with 1 g of KLH/mL and 4 g of LPS/mL. After washing with tap water and 0.05% Tween, plates were incubated with serial dilutions of plasma. Binding of total antibodies to KLH and of NAB to LPS was detected using 1:20,000 diluted rabbit antichicken (IgG H+L ; Nordic, Tilburg, the Netherlands) coupled to peroxidase (PO). Binding of IgG and IgM antibodies to KLH was detected by using, respectively, goat antichicken (IgG-Fc; Bethyl Inc., Montgomery, TX) coupled to PO and goat antichicken (IgM; Bethyl Inc.) labeled with PO. Tetramethylbenzidine and 0.05% of H 2 0 2 were added and incubated for 10 min at room temperature. The reaction was stopped with 1.25 M H 2 SO 4 , and extinctions were measured with a Multiscan (Labsystems, Helsinki, Finland) at a wavelength of 450 nm. Titers were expressed as the base-2 logarithm values of the highest dilution giving a positive reaction. Positivity was derived from the extinction values of a positive control serum present on every microtiter plate.
Statistical Analysis
Plasma primary antibody titers to KLH, ND3, skin swelling to PHA, BW at 8 wk of age, and levels of NAB binding to LPS were analyzed by a mixed 3-way ANOVA with the sex and the progeny group as fixed effects, the sire as a random effect nested within the progeny group, and with all possible interactions. All analyses were done with the GLM procedure of SAS (SAS Institute, 2001 ). The sire MS error was used to test the overall significance of the effect of the progeny group. The MS error of the interaction between sex and sire within progeny group was used to test the significance of effect of sex and of the interaction between the sex and the progeny group. When a main effect was found to be significant, the corresponding group means were compared by using Duncan's multiple range test.
RESULTS
Means and SD of IgT, IgM, and IgG antibody titers to KLH, IgT to LPS 1 wk after KLH immunization, IgT to ND3 3 wk after vaccination, PHA, and 8-wk BW for all 13 groups are shown in Table 1 . Females had higher levels (P < 0.001) of specific IgM antibodies to KLH and higher PHA response than males. The effect of the progeny group on IgT against KLH, LPS, and ND3 was significant (P < 0.001), but there were no group differences for IgM and IgG antibodies to KLH, BW, and for the PHA response. No interactions were significant.
Progeny Types
The comparisons among the 4 progeny types (F 2 , BC1, BC2, and control) obtained by linear combinations of the group least squares means are shown in Table 2 for each immune trait and for BW. Differences between the 2 backcross populations (BC1 − BC2) were absent for IgT and isotype-specific antibody titers to KLH and levels of NAB binding to LPS but marked for IgT to ND3 (−8.03, P < 0.001) for BW (142.3, P < 0.01) and PHA skin swelling (0.78, P < 0.05). The control line differed from all the other 3 progeny groups for NAB binding to LPS, IgT, and IgM titers to KLH and only from the backcross population to line ND3 for BW. Differences between the mean of the F 2 group and the mean of the 2 backcross populations were found for IgT antibody titers to KLH (1.71, P < 0.05), and antibody titers to ND3 (2.75, P < 0.001). The latter difference was mainly contributed by the BC1 progeny type.
A Posteriori Comparisons of Means
The mean values for ND3 and for IgT to KLH were lower (P < 0.05) in the control population than in all other progeny groups, and means for IgM and IgG to KLH and PHA were similar in all groups (Table 1 ). Only few significant differences were found for IgT to KLH. Means were higher in group 2 (ND3-L × PHA-L; PHA-L × ND3- ND3-L = line selected for high antibody response to Newcastle disease virus (HB1 vaccine) 3 wk after vaccination; PHA-L = line selected for high cell-mediated immune response, using the wing web response to phytohemagglutinin at 9 wk of age; control-L = line selected at random.
3
Antibody titers in plasma measured by hemagglutination inhibition test; the titer is expressed as the highest dilution giving total inhibition of hemagglutination.
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. L) than in groups 4, 5, 6, 8, 9, and 12 and higher in groups 1, 2, and 10 than in groups 9 (ND3-L × PHA-L; PHA-L) and 12 (PHA-L; PHA-L × ND3-L). Higher values in NAB for LPS were found in the 2 different F 2 reciprocal crosses (groups 4 and 2), because their means were larger P < 0.05) than that of groups 3, 6, 9, 11, and 12. On the other hand, means of groups 1, 2, 4, 5, 7, and 10 were similar. Dams of both groups 2 and 4 were PHA-L × ND3-L crossbreds. Higher titers of IgT to ND3 (P < 0.05) were obtained for groups 1 to 8 (having a larger genetic contribution from ND3-L) than for groups 10 to 12, and the means of groups 2, 4, 7, 8, and 9 were similar.
Correlations
NAB Titers to LPS. Significant correlations were found between NAB to LPS and the titers of IgT and isotypespecific antibodies against KLH in most groups (Table 3) . Positive values ranged from 0.37 to 0.76, and the only negative value was −0.48. On the other hand, most correlations of NAB binding to LPS and antibody titers with ND3 and BW were not significant.
PHA. Few correlations with PHA and the other immune traits were significant (Table 4) . A negative correlation between PHA and IgT titers to KLH was found in the control line only. Correlation between PHA and IgG antibodies to KLH was positive in the control group (0.31, P < 0.05) and negative in the backcross population to the PHA-L line (−0.49, P < 0.05). On the other hand, negative correlations ranging from −0.45 and −0.63 were found with BW in 7 out of the 13 groups.
DISCUSSION
The objectives of the present study were 3-fold. First, using total and isotype-specific primary antibodies to KLH, the effect of selection for general immune response on the specific antibody production to a new antigen in second-generation crosses between the 2 immune-selected lines was studied to gain insight on the correlated effects of selection on the immune system. Second, correlated responses between antibody titers to ND vaccine (humoral immunity) and skin-swelling responses to PHA (nonspecific cellular immunity) on the one hand and between the level of specific antibody production to KLH and the levels of NAB to LPS on the other hand was tested in the crossbred and F 2 populations.
Third, correlations between parameters of innate (NAB) and acquired (specific antibodies) immunity of animals under this strategy of selection and crossbreeding were estimated. Previous studies (Parmentier et al., 2004a) have suggested a significant relationship between the levels of NAB and acquired humoral immune responses. Results obtained from the present study may provide new information on genetic components of these traits in crossbred animals as well as new insights on genetic selection for general immune responses.
With respect to the antibody titers to the ND3 measure, the level of responses in the different progeny types was clearly influenced by the different contribution of the selected line in the different crosses. The main difference between the progeny types was seen in the 2 backcross populations, in which the line backcrossed to the ND3-selected line responded better than the backcross to the cell-mediated selected pure line, which indicates a significant contribution of the previous selection.
Within the different backcross populations, the 4 reciprocal crosses to the ND3 line (selected on antibody titers to ND3) responded in an equal fashion, indicating that in the future, any 1 of the 4 reciprocal crosses could be used. For the other 4 backcross groups to line PHA-L or line 2 (cellular immunity to PHA), however, the highest Antibody titers in plasma measured by hemagglutination inhibition test, the titer is expressed as the highest dilution giving total inhibition of hemagglutination.
**P ≤ 0.01; ***P ≤ 0.001.
value was obtained by crossing an F 1 male (ND3-L; PHA-L) to a PHA-L female. All the mating types differed from the control line, underlining the contribution of the current selection procedure. In addition, the present study confirmed that after a crossbreeding design based on the selection for humoral response to ND3 and cellular response to PHA in the pure lines (Pinard-van der Laan, 2002) , independence of the traits in the F 2 and crossbred progeny was still observed. This gives further possibilities for using single traits independently in each grand parental line in 4-way crosses. Although the trend for the primary antibody production to ND3 vaccine showed marked differences, the PHA value in the different mating types was similar overall. The different rearrangement of the genotypes and the relative different pressure of selection for PHA responsiveness did not enhance the particular cellular immune response compared with the unselected control line. A sex effect was present that was not found in the corresponding pure line (Pinard-van der Laan, 2002) . No phenotypic correlation was found between the PHA skin-swelling value and all the other (humoral) immune traits, suggesting the possibility of introducing these criteria in a multiselection program. Whether the absence of any correlation between PHA and the other traits is based on the specific character of the humoral immune responses on the one hand and the nonspecific mitogenic character of the PHA response on the other hand remains to be elucidated.
The KLH was used as a model of T-cell-dependent antigen to test correlated effects of selection on general immune responses of the grand parental animals [i.e., whether selection for high antibody production to a specific antigen (ND3) could be associated with general humoral immune responsiveness]. In addition, we wanted to test the correlation of this trait with the other criteria as a possible candidate trait for additional selection criteria in the future. An effect of the crosses was found for IgT against KLH only. The IgG and IgM responses did not significantly vary among the different crosses, although they were positively correlated with the level of IgT. Characterization of a secondary immune response to KLH, consisting mainly of IgG, or alternatively measuring kinetics of the antibody responses of the pure lines, however, might reveal differences between the crosses that went unnoticed until now. The present data suggest that the different genotypic backgrounds do not cause differential isotype-specific responses measured at d 7. Females performed significantly better than males in IgM to KLH, confirming prior results on antibody production to SRBC (Pinard-van der Laan et al., 1993) .
The different levels of NAB binding to LPS in the different crosses showed clearly an effect of the genotype on this trait. This demonstrates that selection on the pure lines gave rise to these variations in the F 2 and crossbreds. Levels in all crossbreds are higher than those found in the control unselected line. This is in agreement with previous studies in which higher levels of NAB to a variety of antigens were found in chicken lines selected for high specific antibody response to SRBC compared with the low responders (Parmentier et al., 2004a) . Levels of LPS to which the birds were exposed in this experiment were not expected to be different, because all birds were kept in the same environment, given the same food, and all immunized with the same dose of KLH. Thus, the different immune selection procedures may have determined a different magnitude of antibody production to LPS present in the environment or intestinal microflora. Earlier, levels of antibodies to LPS were shown to be positively influenced by KLH pretreatment (Parmentier et al., 2004b) . In addition, a positive phenotypic correlation was found between the level of specific antibodies against KLH and NAB to LPS. In lines selected for SRBC, correlations between primary antibody response to SRBC and NAB to LPS were very low but significant (Siwek et al., 2006) . The positive association found between humoral innate (NAB binding to LPS) and acquired immunity (IgT to KLH) may be due, in this case, to a particular rearrangement in the F 2 and backcross populations. From the present results, it is tempting to speculate on a possible coselection of innate and acquired immunity, but further investigations are needed to check if this correlation is due to one or more of the selected traits or if it results form the combined effects of the selection and crossbreeding schemes.
No correlation between immune response traits and BW was found in the F 2 and backcross populations, except for PHA skin-swelling responses. With respect to the latter, a negative correlation was found in 7 out of the 13 crosses, whereas positive phenotypic (0.16) and genetic (0.09) correlations were found previously in the pure lines (Pinard-van der Laan et al., 1998) . The present findings do not contradict the concept of an energy-demanding cellular or innate immune response, as opposed to a nonenergy-demanding humoral immune response, in poultry (Klasing, 1998; Parmentier et al., 2002) .
In conclusion, the current study further demonstrated the possibility of genetically enhancing the variability of immune responses in poultry, using direct selection or various crossbreeding designs. Using lines selected for high antibody production to a specific antigen and for high cell-mediated response to a T-cell mitogen, respectively, gave rise to an F2 and backcross populations that allowed the estimation of positive correlated effects on the specific antibody response to KLH antigens and the levels of NAP binding LPS.
